Abstract. What is driving the accelerated expansion of the universe and do we have an alternative for Einstein's cosmological constant? What is dark matter made of? Do extra dimensions of space and time exist? Is there a preferred frame in the universe? To which extent is left-handedness a preferred symmetry in nature? What's the origin of the baryon asymmetry in the universe?
A tribute to a fabulous object
What is an ultra-cold neutron? Following a pragmatic definition [5] , such a neutron is able to become reflected from a given surface under any angle of incidence. This feature allows us to store neutrons in a box or in a so-called neutron bottle. As a consequence, an observation time of up to few times its lifetime is manageable, thus enabling highly sensitive experiments. The ultra-cold neutron became thus a tool and an object for precision experiments. The search for a permanent electric dipole moment of the neutron investigates a high-energy scale in particle physics that cannot be reached by accelerators on Earth. The present experimental limit on this quantity is |d n | <3.0×10
−26 e cm (90% C.L.) [6] . At the current level of sensitivity, energy changes down to 10 −22 eV can be detected. A common technique uses the Ramsey resonance method of separate oscillating fields [7] , where polarized neutrons precess in a magnetic field. The precession frequency will change in the presence of an electric field if the neutron has an electric dipole moment. The measurements are * This article covers the music part of a lecture given by H.A. at the International Workshop on Particle Physics at Neutron Sources, PPNS, in Grenoble/France in May 2018 with a composition on the occasion of the 50th anniversary of the first production of ultra-cold neutrons.
* * e-mail: abele@ati.ac.at made with ultra-cold neutrons stored in a cell permeated by uniform electric and magnetic fields [6, [8] [9] [10] [11] [12] [13] [14] [15] [16] . This search investigates CP violating mechanisms beyond the Standard Model. These are necessary to explain the matter-antimatter asymmetry in our universe. A byproduct is a search for axionlike dark matter through nuclear spin precession. "This null result sets the first laboratory constraints on the coupling of axion dark matter to gluons, which improve on astrophysical limits by up to 3 orders of magnitude" [17] . This is just an example how neutrons contribute to key issues that have emerged in particle physics and cosmology and are expected to be decisive for unanswered fundamental questions. Addressed by physics with neutrons as a tool [18, 19] are basic questions like "What is driving the accelerated expansion of the universe and do we have an alternative for Einstein's cosmological constant?", "What is dark matter made of?", "Do extra dimensions of space and time exist?", "Is there a preferred frame in the universe?", "To what extent is left-handedness a preferred symmetry in nature?", "What's the origin of the baryon asymmetry in the universe?", and so on.
With neutrons serving as an object basic properties have been studied. Examples include the neutron lifetime [20] [21] [22] [23] [24] [25] [26] [27] and other decay parameters like β-decay correlation coefficients [28] [29] [30] , measurements Table 1 . Ultra-cold neutrons can be trapped by the optical potential of matter, by local gravity g, or by magnetic fields.
Optical Potential ∼100 neV Material dependencies Gravity Potential 100 neV/m V = m × g × z Magnetic Field 60 neV/T Zeeman Splitting of its magnetic moment, quantum mechanical [31, 32] or neutron optical [33, 34] properties, and searches for a charge of the neutron [35] . The β-decay measurements are complemented by experiments with cold neutrons for the lifetime [36] [37] [38] [39] , see also the review [40] , and measurements of correlation coefficients [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Other searches include a conversion of a neutron into an anti-neutron [56] or mirror-neutron [57, 58] or a decay into a hypothetical dark matter particle [59] .
Ultra-cold neutrons
Neutrons are abundantly produced in a spallation source or a research reactor. At production, these neutrons are very hot with an energy of several MeV.
On the other side of the energy scale, some ultra-cold neutron experiments use particles with peV energies in the direction of gravity, about 18 orders of magnitude less. This tremendous reduction is achieved in several steps. In a first step, spallation or fission neutrons thermalize, e.g., in a heavy water tank at a temperature of 300 K. The thermal fluxes are distributed in energy close to Maxwellian law. Cold neutrons with energies in the meV range are obtained in a second moderator stage. At the Institut Laue-Langevin this is achieved by a 24 K liquid deuterium cold moderator near the uranium core of the 58.3 MW reactor. As for propagation of light in matter, one can assign a neutron refractive index to materials but it is often less than unity. Thus, one considers the surface of matter as constituting a potential step of height V , see Table  1 . Neutrons with transversal energy E ⊥ < V will be totally reflected. Following our pragmatic definition, ultra-cold neutrons are, in contrast to faster neutrons, capable of undergoing total external reflection even at normal incidence in a given material or magnetic device [5] . When the surface roughness of the mirror is small enough, the ultra-cold neutron reflection is specular. This feature makes it possible to build simple and efficient retroreflectors. Such a neutron mirror makes use of the strong interaction between ultra-cold neutrons and wall nuclei, resulting in an effective spatially extended potential step of the order of 10 −15 m and 100 neV. We will need a neutron mirror together with gravity for our birthday song in section 3. The first production of ultra-cold neutrons as an episode during the era of the cold war. Left: experiment of the east, the Dubna experiment by V. I. Lushchikov et al. [1] . The neutron source was the IBR pulsed reactor operating at an average power of 6 kW and with a flash repetition frequency of one every 5 sec. The only neutrons that could reach the detector in the bent tube in practice were those emitted from moderator labeled 3 with velocities lower than 5.7 m/s for copper [1] . Right: experiment of the west, the Munich experiment by A. Steyerl [2] . Very cold neutrons were selected from the spectrum of a graphite secondary moderator near the core of the FRM reactor through a vertical neutron guide tube and energy-analysed with the time-of-flight method. Total cross sections for gold and aluminium at 300 K were measured for neutron velocities down to 5 m/s.
at Technische Hochschule München [2] . Their efforts made first ultra-cold neutrons available exactly 50 years ago. The photo in Fig. 1 shows two of the pioneers during a coffee break at the PPNS workshop. Original design drawings together with short descriptions of the experimental arrangements are shown in Fig. 2 . In the following years, ultra-cold neutron densities have been drastically increased using more powerful reactor and cold neutron sources at the Petersburg Nuclear Physics Institute (PNPI) and at ILL. Ultra-cold neutrons are taken from the low energy tail of the continuous cold spectrum. At ILL, they are transported vertically upwards by a curved guide, which transmits neutrons below a threshold energy, acting as a low-velocity filter. Neutrons with a velocity of up to 50 m/s arrive at a rotating turbine with blades consisting of high-quality Ni mirrors. Colliding with the blades moving in the same direction with half their velocity, the neutrons lose almost all their energy and leave the turbine as ultra-cold neutrons with typical velocities of a few meters per second. They are then guided to several experimental areas. The total output per beam port today is close to 10 6 neutrons per second. This instrument, nowadays called PF2, was designed by A. Steyerl and P. Ageron and colleagues and constructed in 1985 [60] , replacing the former PN5 on level C of the ILL reactor. To date, most experiments using ultra-cold neutrons are limited by counting statistics. Therefore, major efforts are undertaken in order to improve existing ultracold neutron sources or develop new concepts. From the experimental point of view, ideas exist for techniques that could further increase count rates due to a higher ultra-cold neutron phase space density. One way employs down-scattering of cold neutrons in superfluid 4 He below 1 K [61] [62] [63] . An alternative approach is the use of solid deuterium at about 5 K [64] [65] [66] . Ultra-cold neutron sources are in operation or under construction at many sites, including facilities at the ILL (France), Paul-Scherrer-Institute (Switzerland), University of Mainz (Germany), Los Alamos National Lab (United States), Forschungsneutronenquelle Heinz Maier-Leibnitz (Germany), TRIUMF (Canada), PNPI (Russia), KEK (Japan), North Carolina State University (United States). A comparison of operating ultra-cold neutron sources for fundamental physics measurements can be found in [67] .
Birthday Song for Ultra-Cold Neutrons
In the following, we present a birthday song in a novel manner for the 50th anniversary of the first production of ultra-cold neutrons. We make use of a musical intonation system that bears no relation to basic notation and basic music theory as applied and used elsewhere. Instead it is based on natural constants and local gravity and addresses two fundamental problems of music theory.
The Problem of reference for the concert pitch
The first problem is the practical adjustment of absolute pitch of musical instruments. The concert pitch is the reference to which a group of musical instruments is tuned for a performance. Today 440 Hertz is the frequency of the standard tuning tone, called A4 according to Fig. 3 . ISO 16 in 1975 . Such case that a standard reference was lacking a deeper justification or was subject to fluctuations was also observed in physical science and metrology.
As an example, we point to the definition of the kilogram as for long established by International System of Units (SI). The standard was based on a platinum alloy cylinder, the International Prototype Kilogram (IPK), manufactured in 1889, and saved in Saint-Cloud. IPK has diverged from its replicas by approximately 50 µg since their production, see Fig. 4 . For this reason it has been desirable to replace the kilogram artifact with a definition based directly on physical constants. Such a definition was approved by the General Conference on Weights and Measures (CGPM) on 16 November 2018. It is based on constants of nature, in particular the Planck constant, which is now defined, thereby fixing the value of the kilogram in terms of the second and the metre, and thus eliminating the need for the IPK.
For problems of drifting standards a solution similar to the definition of physical units can be adopted and transfered to musicology. We suggest as a standard for the concert pitch the resonance frequency of a |5 ↔ |8 level transition of ultra-cold neutrons in the gravitational field as explained in Section 3.3. This frequency is based on natural constants as well as the local gravity g.
The Problem of intonation
The second problem is related to the choice of intervals between notes. While the basic grid of notes, as represented by the modern piano scale, has been quite uniform over different times and cultures, the fine tuning of those notes has always been a subject of discussion, and has led to the creation of various musical tuning systems. Extreme systems are the modern "equal-tempered" intonation, offering a maximum flexibility for switching between tonalities, as opposed to "just" or "pure" intonation, where the intervals are based on whole-number ratios of frequencies, offering a maximum of clarity within a single tonality. An example is the Pythagorean intonation system, using ratios of 2 and 3 as well as their powers. A property of Pythagorean tuning is an excess of 12 perfect fifths over 7 octaves, which is (3/2) 12 : (2/1)
7
= 531441/524288. The discrepancy is 23.45% of a semi-tone, or nearly a quarter of a semi tone, and the consequences are a misfit in frequency between enharmonic equal notes like A and G . Medieval compositions avoid such mistunes by a restriction to nine notes, for example B -F-C-G-D-A-E-B-F , see for details [4] . The number ratios in just intonation are given by the harmonic overtone spectrum of pitched musical instruments, which are often based on an acoustic resonator such as a string or a column of air. The eigenmodes of such resonators form standing waves, see Fig. 5 , which correspond to integral frequency ratios. Numerous such modes oscillate simultaneously. The musical pitch of a note is usually perceived as the lowest, fundamental frequency, which may be the one created by vibration over the full length of the string. The musical timbre of the tone is strongly affected by the relative strength of each harmonic. It is interesting to note that the American composer Ben Johnston is experimenting with pure intonation and has proposed the term "extended just intonation" for composition involving ratios that contain prime numbers beyond five (7, 11, 13 etc.), as mentioned at Wikipedia.
In the equal-tempered intonation system, the modes deviate slightly from the Pythagorean frequency ratios. It parts the octave in 12 equal semitones separated by factors 2 (1/12) . Five octaves of music notes are shown in Fig. 3 in the notation of Helmholtz, in English notation, together with corresponding frequencies in equal-tempered intonation. We introduce an intonation system, which is neither based on the Pythagorean harmonic system nor on the 12 th square root of 2. Figure 6 . Energy eigenvalues and eigenfunctions of a neutron bound in the gravity potential of the Earth and corresponding frequency equivalents. By oscillating the mirror with a frequency, which correspond to the energy difference between quantum states, transitions are introduced. The oscillation frequencies are in the acoustic frequency range.
Neutron's intonation and the quantum bouncing ball
We approach both mentioned problems of music theory by resorting to the natural frequency spectrum given by an ultra-cold neutron prepared as quantum bouncing ball [68] . The neutron is bound between a flat lying mirror and the raising potential of gravity above, V = mgz, where m denotes the neutron mass, g the local gravity, and z the distance above the mirror. Every bound system in quantum mechanics has discrete energy levels. In our case the lowest energy eigenvalues E n (n = 1, 2, 3, 4, 5) are 1.4107 peV, 2.4595 peV, 3.3214 peV, 4.0832 peV, and 4.77906 peV. In Fig. 6 Table 2 . A selection of cities with corresponding local acceleration g. Each city has its own character. To take this fact into account it is suggested to establish a local concert pitch for music performances based on local g and on ultra-cold neutrons.
functions. Similarly, in the neutron whispering gallery quantum states occur in a binding well formed by the centrifugal potential and a circular boundary [69] . The interesting point is that one can drive transitions between these eigenstates by vibrating the mirror. Within the qBounce experiment [3, [70] [71] [72] [73] , several resonance spectroscopy measurements with different geometric parameters have been performed, resulting in different resonance frequencies and widths. In general, the oscillator frequency at resonance for a transition between states with energies E p and E q is
The transfer from state |p to |q is referred to as Rabi transition, which can be induced by applying the right frequency in the acoustic range. For example, the |1 ↔ |2 transition corresponds to the frequency ν 1,2 = 254.542 Hz, the transition |1 ↔ |3 has a frequency of ν 1,3 = 462.94 Hz, and ν 5,8 = 445.77 Hz is close to concert pitch of 444 Hz, which is used by many orchestras although the official value is 440 Hz. We therefore suggest to use the acoustic |5 ↔ |8 transition as a definition for the concert pitch, satisfying our requirement for natural constants, the mass of the neutron m and Planck's constant h, together with the local gravity g.
We would like to note that, as a particularity of a quantum system involving gravity as a binding force, this definition is still open to display regional diversity. This, however, is not due to an arbitrary choice, as for the pitch in a concert hall, but defined by nature. A local gravity g = 9.797 m/s 2 at Sydney results in a concert pitch of 445.52 Hz, whereas the opera house in Helsinki with g = 9.819 would use a pitch of 446.19 Hz. Concert pitches at other locations can be found in Table 2 . For our calculations we use the local gravity g = 9.80507 m/s 2 at our experimental setup PF2 in Grenoble.
The transitions between |7 → |8 at 140.835 Hz and |1 → |8 at 1263.25 Hz define a series of frequency, see Fig. 7 . Taking all transitions |p → |q into account one obtains neutron's intonation system, here shown in Table 3 in a matrix of frequencies up to level 30. Many frequencies are close to notes of the modern piano scale, cf. Fig. 3 , and we therefore suggest to consider the neutron transition frequencies a musical instrument. Selected frequencies can be used to tune the piano scale, addressing the second problem mentioned above. However, the complete spectrum is much more diverse than a standard musical instrument. Each pair of levels has a unique transition frequency, as a consequence of the Airy functions. In principle the spectrum offers vast musical possibilities but for now we restrict ourselves to selected frequencies suitable for the traditional song "Happy Birthday". We play the song in B major starting with an f. With 440 Hz tuning and equal temperament the f corresponds to 349.2282 Hz. In the neutron tuning we use the |3 → |5 transition corresponding to 352.548 Hz and continue with other transitions as shown in Fig. 8a . The audio file can be downloaded from our web site.
As it's their 50 year's birthday, it's not us but the ultra-cold neutrons to listen to the song. It's us to play it and watch their reaction. We send the signal to the neutron mirror and let it vibrate. Each note starts a Rabi transition between the corresponding two levels. The rhythm (tone duration) determines the coupling time and therefore the amount of amplitude change. We adjust the vibration strength such that a quarter note induces an exact π flip, swapping the complete amplitude between two levels. As initial state we prepare the superposition Figure 8b shows the couplings and the excitation amplitudes of the levels during the song. Figure 8c shows the resulting neutron probability density as a function of time and vertical position over the mirror. The neutron is dancing to its birthday song: Happy Birthday Ultra-Cold Neutron! Table 3 . Neutron's intonation system based on accoustic resonant transitions [3] , here in a 30 × 14 matrix M . Shown is the frequency range for transitions between |14 ↔ |15 at 112.45 Hz and |1 ↔ |30 at 3585.57 Hz spanning the piano key notes from A2 to A7 in Fig 3. We can consider this matrix as an instrument, which is able to perform pieces of music with these frequencies, and perform "Happy Birthday to you" for the ultra-cold neutron. The frequencies have been calculated for the local gravity g = 9.80507 m/s 2 at our experimental setup PF2 in Grenoble.
